Phosphorylation of polyamidoamine dendrimers has been achieved using inorganic cyclo-triphosphate in aqueous solution.
INTRODUCTION

Dendrimers
are highly branched three-dimensional macromolecules with highly controlled structures and a definite molecular weight. The molecular weight of dendrimers are increased stepwise due to synthesize by step-wise chemical methods and give distinct generation (G0, G1, G2, G3, G4, G5).
Further, dendrimers possess modificable terminal functional groups for binding other molecules and the interior of them has been shown to be capable of encapsulating guest molecules 1, 2 .
Polyamidoamine (PAMAM) dendrimers have been studied most frequently for biological applications due to their biocompatible, nonimmunogenic, and water-soluble properties 3, 4 . Figure 1 shows PAMAM dendrimers with 4, 8, and 16 surface amino groups (PAMAM-G0, PAMAM-G1, PAMAM-G2) used in this study.
Sodium cyclo-triphosphate, Na 3 P 3 O 9 (P 3m ), is a simple and efficient phosphorylating agent. Previously, we reported that alkylamines 5 , aminoalcohols 6 , and carbohydrates 7-12 readily phosphorylated with P 3m to give their triphosphate derivatives. Organic compounds containing amino or hydroxyl group were easily phosphorylated by P 3m .
In this study, we synthesized novel anionic dendritic molecules containing phosphate groups aiming for the application to drug delivery system (DDS).
FIGURE 1 Structures of PAMAM dendrimers studied in this work
RESULTS AND DISCUSSION
Reaction of PAMAM-G0 with P 3m
The phosphorylation of PAMAM-G0 with P 3m was performed in aqueous solution. Figure 2 shows the HPLC profiles for the reaction solution of PAMAM-G0 (0.3 M) and P 3m (0.1 M) incubated at pH 12 at 25 ºC. The peak of the product 1 appeared at a retention time of about 9 min. The yield of product 1 increased dramatically with reaction time to reach the maximum yield of 97 % after 2 d and constant after 14 d without hydrolysis of product 1. Table 1 summarizes the yields of product 1 under various reaction conditions. The yields increased with the increase in the initial concentration of PAMAM-G0. At a molar ratio of 3 : 1 and pH 12, the yields of product 1 were 97 % at 25 ºC and 98 % at 40 ºC. The yield at 25 ºC remained constant after 14 d without hydrolysis of triphosphate derivative. However, the yield at 40 ºC increased with the reaction time, reaching 98 % after 1 d, and then decreased gradually. Therefore, 25 ºC is preferable temperature. At a molar ratio of 3 : 1 and 25 ºC, the yields of product 1 were 97 % at pH 12, 97 % at pH 10, and 1 % at pH 7. However, the yield at pH 10 increased with the reaction time, reaching 97 % after 2 d, and then decreased gradually. Therefore, the optimum condition for the phosphorylation of PAMAM-G0 with P 3m is PAMAM-G0 : P 3m = 3 : 1, pH 12 and 25 ºC. To identify the reaction product in the phosphorylation of PAMAM-G0 with P 3m , 31 P and 1 H NMR spectra were measured. Figure 3 shows the 31 P NMR spectra of the reaction solution. As can be seen, the characteristic peaks (-0.5, -4.8, and -20.4 ppm) for the presumed triphosphate derivative of PAMAM-G0 were observed. The peaks at -0.5, -4.8, and -20.4 ppm of the 31 P NMR spectra were assigned to the product 1. The 1 H non-decoupling spectrum had a doublet of doublet at -0.5 ppm, which became doublet on 1 H decoupling, which is the characteristic peak of P α . The doublet at -4.8 ppm was assigned to the end phosphorus atom (P γ ). The other doublet of doublet at -20.4 ppm is the characteristic of the middle phosphorus atom (P β ) of triphosphate. A previous work indicated that the phosphorylation product of amino acids 13 or aminoalcohols 6 with P 3m is triphosphoryl amino acids or aminoalcohols with a -NH-P α -O-bond. Theses products show a characteristic P α signal at around 0 ppm in their 31 P NMR spectra. As shown in Fig. 4 , the 31 P-1 H heteronuclear multiple bond correlation spectroscopy (HMBC) 2D-NMR spectrum showed the correlation of P α at -0.5 ppm and proton signal at 2.92 ppm. The multiplet at 2.92 ppm could be assigned to H-6' of product 1. The down-field shift from 2.6 ppm to 2.92 ppm indicates the phosphorylation of PAMAM-G0 with P 3m . The 3 J Pα , H value was 10. 3 Hz, which is consistent with that obtained from the 31 P NMR data. The ESI mass spectrum of the product 1 showed a molecular ion peak (m/z 755.1) for the mono substituent triphosphate derivative of PAMAM-G0 ([C 22 H 51 N 10 O 13 P 3 -H]) -. There were no peaks for bis-or other triphosphate derivatives of PAMAM-G0. Therefore, PAMAM-G0 was phosphorylated by P 3m to form 6'-monotriphospho-PAMAM-G0 (product 1). Then, we studied the reaction of PAMAM-G0 with P 3m at the molar ratio of PAMAM-G0 : P 3m = 1 : 5, pH 12, and 25 ºC for the preparation of bis-or other triphosphate derivatives. Figure 5 shows HPLC profiles of the reaction solution at the molar ratio of PAMAM-G0 : P 3m = 1 : 5, pH 12, and 25 ºC. Four peaks attributed to the phosphorylated products appeared at retention time of about 50 -60 min. The other chromatographic peaks were assigned to triphosphate and P 3m , respectively. Although, the HPLC profile of the product 1 showed a single peak at a retention time of 9 min (Fig. 2) , the HPLC profile for the P 3m excess condition showed four peaks with long retention time. From this result, it would be synthesized bis-or more triphosphorylated products of PAMAM-G0. To identify the reaction product in the phosphorylation of PAMAM-G0 with excess P 3m , 31 P NMR spectra and ESI mass spectra were measured. The main product was assigned to triphosphate derivative of PAMAM-G0 by 31 P NMR spectra. The ESI mass spectra showed molecular ion peak of bis-triphospho-PAMAM-G0; m/z 995.5, calculated for 995.18 ([C 22 H 54 N 10 O 22 P 6 -H]) -.
PAMAM-G1
PAMAM-G0
The reaction of PAMAM-G1 and PAMAM-G2 with P 3m was studied.
Reaction of PAMAM-G1 and PAMAM-G2 with P 3m
The reactions of PAMAM-G1 and PAMAM-G2 with P 3m were also carried out under the same reaction condition as product 1. In HPLC profile of PAMAM-G1 and PAMAM-G2 with P 3m , a single peak due to corresponding triphosphorylated product was obtained.
The yield of product 2 for PAMAM-G1 and 3 for PAMAM-G2 increased with the reaction time, reaching the maximum of 92 % at a mixing ratio of PAMAM : P 3m = 3 : 1 (0.3 M : 0.1 M) after 1 d. Table 2 shows the yields of product 1, 2 and 3.
At a molar ratio of 1 : 1 and 25 ºC, the maximum yields of the product 1 -3 were 78 (5 d), 91 (6 d) and 95 % (2 d), respectively. Compared the yields and reaction time of product 1 -3, their yields increased and their reaction time decreased with increasing generation. These were due to that the number of surface amino group increased with increasing generation. The ESI mass spectrum of the product 2 and product 3 showed a molecular ion peak (m/z 1670. Therefore, PAMAM-G1 and PAMAM-G2 react with P 3m to form 11'-triphospho-PAMAM-G1 (product 2) and 16'-triphospho-PAMAM-G2 (product 3) as in the case of product 1.
Reaction mechanism of PAMAM-G0 with P 3m
The reaction of PAMAM-G0 with P 3m may be explained by the following mechanism. At pH 12, P 3m is easily attacked by nucleophilic reagents such as amines 5 , amino acids 13 and cyclodextrins 12 . In the present study, the lone electron pair on the amino group of PAMAM-G0 nucleophilically attacks a phosphorus atom of P 3m to cleave its six-membered ring (Scheme 1). SCHEME 1 Reaction mechanism of PAMAM-G0 with P 3m 
CONCLUDING REMARKS
Polyamidoamine dendrimers were easily phosphorylated by inorganic cyclo-triphosphate in aqueous solution. In these reactions, triphosphate derivatives of them were synthesized with the yields of more than 95 %.
Attempts have been made to design novel DDS using dendrimers as a drug carrier. Dendrimers can form complexes with drug molecules at the surface functional groups, and encapsulate drug molecules. Phosphorylated PAMAM dendrimers are possible to use the electrostatic interaction between the dendrimer and the drug. Then, the comlexation ability of the cationic drug increases. In addition, the introduction of phosphate groups into dendrimers provide the improvement of poor solubility of dendrimers. These results suggest that the synthesis of anionic dendrimers is a promising new DDS for development.
EXPERIMENTAL
Materials and methods
cyclo-Triphosphate, Na 3 P 3 O 9 (P 3m ), was prepared according to the previous paper 14 . PAMAM-G0, PAMAM-G1, PAMAM-G2, and sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) were purchased form Sigma-Aldrich Chemical Co. (St. Louis, USA). Other reagents were purchased from Wako Chemicals (Osaka, Japan). 31 P NMR spectra with and without broad band 1 H decoupling and 31 P-1 H 2D HMBC spectra were obtained with a Varian INOVA-500 spectrometer using 85 % H 3 PO 4 as an external standard.
HPLC analysis was carried out with a JASCO PU-980 HPLC (Tokyo, Japan) coupled with a JASCO DU-4F flow infection system to detect phosphate by the post-column reaction. A column (150 × 6.0 mm I.D.) packed with the polystyrene-based anion-exchanger (TSK gel, SAX, 5 µm, TOSOH, Japan) was used for the analysis of phosphate. The system control, data collection, and data analysis were carried by JASCO-BORWIN system.
ESI mass spectra were obtained with API 3000 (Applied Biosystems, USA) using electrospray ionization (ESI) for ion production. The mass spectrometer was operated in the negative-ion mode and positive-ion mode.
The procedure for the syntheses of products 1 -3
The reaction of PAMAM dendrimers (G0, G1, and G2) (0.3 M) with P 3m (0.1 M) was carried out at pH 12 by adding 6 M sodium hydroxide aqueous solution at 25 ºC. After 1 d, the reaction solution was accomplished by anion-exchange chromatography resin (100-200 mesh, chloride form). Elution was carried out with 0.3 M KCl aqueous solution, and each 50 mL fraction was measured by HPLC. The solution fractionated was concentrated at -113 ºC in vacuo (freeze-drying). For the purpose of desalting, an aqueous solution of the concentrate was passed over a PD-10 column (GE Healthcare, USA). Each 0.5 mL fraction was measured by HPLC, and the fractionated solution containing only 1 -3 were freeze-dryed. An aqueous solution of the concentration of 1 mg/mL was passed over a MetaSEP IC-MC (GL Sciences, Japan), and later, the ESI mass or MALDI TOF mass spectrum was measured. 
